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Abstract
We study the nonforward Compton scattering, in particular, the deeply virtual Compton scatter-
ing from AdS/CFT. We first calculate the contributions from the s-channel and u-channel super-
gravity diagrams as well as the four-point interaction diagram which correspond to the Compton
scatterings on a dilaton target in CFT. Furthermore, we study the Compton scattering on a dilatino
target. Assuming that protons can be identified as supergravity modes of the dilatino, we compare
the calculated deeply virtual Compton scattering cross section to the low-energy experimental data
from the H1 and ZEUS collaborations and find good agreement. We also discuss the t-channel
graviton exchange contribution and show that it should be dominant in the high-energy limit.
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I. INTRODUCTION
A decade ago, the AdS/CFT correspondence[1–3] was conjectured. Since then, it has
provided us with new insights into gauge theories in a strong coupling regime. There has been
substantial progress in studying strong coupling gauge theories by applying this technique.
In particular, Polchinski and Strassler [4, 5] studied the deep inelastic scattering (DIS)
of hadrons by using the correspondence in forward Compton scattering where the usual
structure functions F1 and F2 are calculated for both spinless and spin-
1
2
hadrons. An
infrared cutoff in the fifth dimension at z = z0 ∼ 1/ΛQCD, which breaks the conformal
symmetry in CFT, is introduced to give rise to confinement. In addition, this cutoff scale
also provides a mass scale for the hadrons with M ∝ 1/z0. This particular model with the
hard cutoff in the infrared is then called the hard wall model. There have been a lot of
interesting studies[6, 7] and further developments[8–14] along this direction. These studies
of DIS and structure functions have provided an interesting picture of hadrons at the strong
coupling limit. One finds that there is no large-x parton which carries a finite amount of
longitudinal momentum of the target hadron and most of the longitudinal momentum is
distributed in the partons sitting in the extremely low-x region. Furthermore, DIS, in terms
of dipole (quark-antiquark pair with an open string attached) scattering on a hadron/nucleus
target, is discussed in Refs. [15–17]. In particular, the AdS/CFT computation of deep
inelastic scattering off the finite temperature plasma has been recently studied in Refs. [18–
23], which also indicate that most of the constituents in the strongly coupled plasma are
located in the very low x region. Based on hard scatterings in AdS/CFT, the saturation
picture is then developed in Refs. [24, 25].
Recently, we extended the above DIS calculation in AdS/CFT to the case of polarized
DIS in Ref. [26] and obtained the spin-dependent structure functions g1 and g2 for a spin-
1
2
hadron. In Ref. [27], the spin decomposition of spin-1
2
hadrons at large coupling limit was
analyzed. These studies show that the spin of hadrons at large t’Hooft coupling seems solely
due to orbital angular momentum. Suggested by Ji[28] in QCD, the deeply virtual Compton
scattering (DVCS) can be used as the gateway to the total quark and gluon contributions
to the spin of the proton. The DVCS amplitude contains the important information about
the total spin of constituents in the hadron which is encoded in the generalized parton
distributions. In addition, one can access the orbital angular momentum of quarks and
2
gluons by subtracting the spin contributions. Therefore, in order to further investigate
the spin and the orbital angular momentum, we need to study the nonforward Compton
scattering and extract the so-called generalized parton distributions[28–37]. As a first step,
we study the nonforward Compton scattering, in particular, the DVCS, in the AdS/CFT
correspondence. We will leave the extraction of generalized parton distributions for future
study.
The objective of this paper is to study the nonforward Compton scattering. We use
dilatons (scalar) or dilatinos (fermion) as the targets which are scattered by a virtual gauge
boson field (a physical virtual photon, so to speak). We are particularly interested in the
DVCS since it is widely studied in QCD and of great importance in spin physics. The final
states contain a photon, which is real in DVCS, and the dilaton or dilatino target. This
calculation is equivalent to a four-point function calculation that involves two currents J and
two targets (dilaton or dilatino) in the AdS/CFT. Four-point functions of the dilaton and
axion are studied in Refs. [38–40]. Recently, four-point functions of R-currents are discussed
in AdS supergravity[41].
To be more specific, we compute the supergravity graphs corresponding to Compton
scattering in CFT. For the case of the dilaton, we have calculated the s-channel and u-
channel graphs where all the Kaluza-Klein excitations of intermediate states are summed
over. We have also included a four-point contact term and shown that the sum of these three
graphs are gauge invariant, namely, satisfying the current conservation constraint. For the
case of the dilatino, we compute the contributions from the s-channel and u-channel graphs
explicitly. Assuming that protons can be identified as supergravity modes of the dilatino, we
compare the calculated DVCS cross section to the low-energy H1 and ZEUS data, and find
that our calculation is consistent with the data. We also study the real Compton scattering
and find that the scattering amplitudes are parametrically the same as the one found in
QED.
We notice that there is an additional t-channel graviton exchange contribution, which is
supposed to be dominant at high energy. We provide a heuristic derivation for the compu-
tation of t-channel graviton exchange at the end of this paper. Since the graviton exchange
only couples to the energy momentum tensor of the target, we find the results for the dilaton
and dilatino are quite similar.
The rest of the paper is organized in the following manner: In Sec.II, we consider the
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usual s-channel and u-channel exchanges as well as the four-point interaction contributions
for a dilaton target. In Sec.III, we evaluate the supergravity graphs of the s-channel and
u-channel exchanges for dilatino targets. The t-channel exchange of the graviton for both
dilaton and dilatino targets is discussed in Sec.IV. We summarize and present some more
discussion in Sec.V.
II. COMPTON SCATTERING OF THE DILATON
In this section, we will formulate the Compton scattering on a scalar target in the CFT.
A. Scaler field in AdS space and its bulk to bulk propagator
First, let us consider the free scalar field and derive its bulk to bulk propagator in AdS5
space. Scalars in CFT correspond to supergravity modes of dilatons. The metric in AdS×S5
space can be written as
ds2 =
R2
z2
(ηµνdy
µdyν + dz2) +R2dΩ25, (1)
where ηµν = (−,+,+,+) is the mostly plus flat space metric. We assume that the ini-
tial/final dilaton wave function can be written as
Φ(y, z) = eip·yφ(z) (2)
where, for simplicity, we have neglected the dependence on the coordinates S5. The equation
of motion of the dilaton in AdS space can be written as
1√−g∂m
(√−ggmn∂nΦ(y, z))− µ2Φ(y, z) = 0, (3)
with the fifth dimension mass µ2 = ∆(∆−4)
R2
. It reduces to
z2∂2zΦ(y, z)− 3z∂zΦ(y, z) + z2Φ(y, z)−∆(∆− 4)Φ(y, z) = 0, (4)
where  = −∂2t +∇2. The solution to the above equation is given by
φ(z) = C1z
2J∆−2(Mz) + C2z
2Y∆−2(Mz),
where M2 = −p2. With the consideration of boundary conditions for normalizable modes,
we set C2 = 0 and choose only the J∆−2(Mz) part.
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In order to calculate the Compton scattering amplitude, we also need the bulk to bulk
propagator of dilatons in AdS5 space, which satisfies
[
z2∂2z − 3z∂z + z2−∆(∆− 4)
]
G(x, z; y, z′) = z5δ(z − z′)δ(4)(x− y). (5)
In AdS5 space, from coordinate (x, z) to (y, z
′), the propagator can be written as [20, 38],
G(x, z; y, z′) = −
∫
d4k
(2π)4
e−ik·(x−y)
∫ ∞
0
dω
ω
ω2 + k2 − iǫz
2J∆−2(ωz)z
′2J∆−2(ωz
′), (6)
where x and y are four-dimensional coordinates. One can easily check the above expression
satisfies Eq. (5) by noticing that
[
z2∂2z − 3z∂z −∆(∆− 4)
]
z2J∆−2(ωz) = −ω2z2J∆−2(ωz) (7)
and ∫ ∞
0
dωωz2J∆−2(ωz)z
′2J∆−2(ωz
′) = z3δ(z − z′). (8)
Note that k2 < 0 corresponds to the timelike case, and k2 > 0 corresponds to spacelike
case. When the particle is at rest, we shall have k2 = −M2. For the case of the s-channel
Compton scattering, we find that k = p + q = p′ + q′. The dilaton propagator in the fifth
dimension is then defined as
G(z; z′) = −
∫ ∞
0
dω
ω
ω2 −M2X − iǫ
z2J∆−2(ωz)z
′2J∆−2(ωz
′), (9)
with M2X = −(p + q)2 for the s-channel scattering and M2X = −(p − q′)2 for the u-channel
scattering.
B. Kaluza-Klein field in AdS Space
Following the prescription in Ref. [5], the incident/outgoing current is chosen to be the
R current which couples to the hadron as an isometry of S5 with the killing vector va. This
is equivalent to saying that the current couples to the target with a conserved charge Q.
According to the AdS/CFT correspondence, the current excites a nonnormalizable mode of
a Kaluza-Klein gauge field on the Minkowski boundary of the AdS5 space
δGma = Am(y, r)va(Ω), (10)
This gauge field fluctuation Am(y, r) (a physical virtual photon, so to speak) can be viewed
as a vector boson field which couples to the R current Jµ on the Minkowski boundary,
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and then propagates into the bulk as gravitational waves, and eventually interacts with the
supergravity modes of the dilaton or dilatino. The gauge field satisfies Maxwell’s equation
in the bulk, DmF
mn = 0 which can be explicitly written as
1√−g∂m
[√−ggnkgml (∂kAl − ∂lAk)] = 0, (11)
where m, n, ... are indices on AdS5. With the boundary condition
Aµ(y,∞) = Aµ(y)|4d = nµeiq·y. (12)
and the Lorentz-like gauge
∂µA
µ + z∂z
(
Az
z
)
= 0, (13)
the Maxwell equation can be written as
− q2Aµ + z∂z
(
1
z
∂zAµ
)
= 0, (14)
−q2Az + ∂z
(
z∂z
(
1
z
Az
))
= 0. (15)
The solutions to the above equations are given by,
Aµ = nµe
iq·yqzK1(qz),
Az = in · qeiq·yzK0(qz), (16)
where K1 and K0 are both modified Bessel functions and nµ is the polarization vector. Note
that q2 = Q2 > 0 for the spacelike current in the mostly plus metric signature.
C. Compton scattering amplitudes
Now we are ready to consider the Compton scattering on a dilaton target. The relevant
supergravity graphs are shown in Figs. 1–3, corresponding to s-channel exchange, u-channel
exchange and four-point interaction, respectively. The t-channel graviton exchange illus-
trated in Fig. 6 will be considered in Sec.IV.
The standard Compton amplitude is defined as
Tµν = i
∫
d4ye−iq·y〈P ′|TJµ(y)Jν(0)|P 〉. (17)
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FIG. 1: s-channel Compton scattering
We first start with the calculation of the s-channel amplitude as illustrated in Fig. 1. The
bulk to bulk propagator from z to z′ represents high excited states of the dilaton target after
absorbing the incoming virtual photon. This is different from the DIS calculation where the
propagator is always put on shell. The relevant supergravity interaction of the dilaton and
photon is
Sint =
∫
d10x
√−gAmva∂mΦ∂aΦ
= iQ
∫
d10x
√−gAm(Φ∂mΦ∗ − Φ∗∂mΦ). (18)
The dilaton is taken to be in a charge eigenstate with the chargeQ under the U(1) symmetry.
This yields va∂
aΦ = iQΦ.
Using the dilaton wave functions along with the bulk to bulk propagator and above
interaction vertex, it is straightforward to write down the s-channel amplitude
nµT sµνn
′∗ν =
R10
R8
∫
d4xd4ydzdz′Φi(x, z)n
µJµ(z)G(x, z; y, z
′)n′∗νJ∗ν (z
′)Φ∗f (y, z
′), (19)
where each integration over the S5 space gives a factor of R5 and the Green’s function
G(x, z; y, z′) picks up a factor of 1
R8
when we take the S5 space into account. (One can
actually set R = 1 in the calculation since the final result should not depend on the curvature
R.) The initial and final wave functions of the dilaton are
Φi(x, z) =
ci
z0R4
z2J∆−2(Mz)e
ip·x and Φ∗f (y, z) =
cf
z0R4
z2J∆−2(Mz)e
−ip′·y, (20)
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respectively. The boundary condition is set as J∆−2(Mz0) = 0 in the fifth dimension to
mimic confinement. In addition, this cutoff scale also yields a mass scale for the hadrons
with M ∝ 1/z0[42, 43]. It is straightforward to integrate out x and y, and then find
nµT sµνn
′∗ν = (2π)4δ(4)(p+ q− p′− q′)R2
∫
dzdz′Φi(z)n
µJµ(z)G(z; z
′)n′∗νJ∗ν (z
′)Φ∗f (z
′), (21)
The s-channel amplitude T sµν can be cast into
T sµν ∝ (2pµ + qµ)(2p′ν + q′ν)T s1 − (2pµ + qµ)q′νT s2 − qµ(2p′ν + q′ν)T s3 + qµq′νT s4 ,
where
T s1 =
∫
dzdz′qJ∆−2(Mz)K1(qz)G(z, z
′)q′J∆−2(Mz
′)K1(q
′z′)
T s2 =
∫
dzdz′qJ∆−2(Mz)K1(qz)∂z′G(z, z
′)J∆−2(Mz
′)K0(q
′z′)
−
∫
dzdz′qJ∆−2(Mz)K1(qz)G(z, z
′)
1
z′2
∂z′
[
z′2J∆−2(Mz
′)
]
K0(q
′z′), (22)
T s3 =
∫
dzdz′qJ∆−2(Mz)K0(qz)∂zG(z, z
′)J∆−2(Mz
′)K1(q
′z′)
−
∫
dzdz′
1
z2
∂z
[
z2J∆−2(Mz)
]
K0(qz)G(z, z
′)q′J∆−2(Mz
′)K1(q
′z′), (23)
and
T s4 =
∫
dzdz′J∆−2(Mz)K0(qz)∂z′∂zG(z, z
′)J∆−2(Mz
′)K0(q
′z′)
−
∫
dzdz′J∆−2(Mz)K0(qz)∂zG(z, z
′)
1
z′2
∂z′
[
z′2J∆−2(Mz
′)
]
K0(q
′z′)
−
∫
dzdz′K0(qz)
1
z2
∂z
[
z2J∆−2(Mz)
]
∂z′G(z, z
′)J∆−2(Mz
′)K0(q
′z′)
+
∫
dzdz′K0(qz)
1
z2
∂z
[
z2J∆−2(Mz)
]
G(z, z′)
1
z′2
∂z′
[
z′2J∆−2(Mz
′)
]
K0(q
′z′). (24)
Using the Eq. (8) and the recurrence relations
K0(z) = − d
dz
K1(z)− K1(z)
z
, (25)
Jν(αz)
d
dz
[
z
d
dz
Jν(βz)
]
− Jν(βz) d
dz
[
z
d
dz
Jν(αz)
]
= (α2 − β2)zJν(αz)Jν(βz), (26)
one obtains ∫
dz′
{
∂z′G(z, z
′)J∆−2(Mz
′)− G(z, z
′)
z′2
∂z′
[
z′2J∆−2(Mz
′)
]}
K0(q
′z′)
=
M2 + s
q′2
∫
dz′q′G(z, z′)J∆−2(Mz
′)K1(q
′z′) + z3K1(q
′z)J∆−2(Mz)/q
′, (27)
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where s = (p+ q)2. Eventually, one can simplify and cast these T amplitudes into
T s2 =
(
1− 1
x′
)
T s1 +
q
q′
∫
dzz3J2∆−2(Mz)K1(qz)K1(q
′z), (28)
T s3 =
(
1− 1
x
)
T s1 +
q′
q
∫
dzz3J2∆−2(Mz)K1(qz)K1(q
′z), (29)
and
T s4 =
(
1
x′
− 1
)(
1
x
− 1
)
T s1 −
∫
dzz3J2∆−2(Mz)K0(qz)K0(q
′z)
+
M2 + s
q′q
∫
dzz3J2∆−2(Mz)K1(qz)K1(q
′z), (30)
where
x = − q
2
2p · q , x
′ = − q
′2
2p′ · q′ .
In the end, we obtain the s-channel amplitude
T sµν ∝
(
2pµ +
qµ
x
)(
2p′ν +
q′ν
x′
)
T s1 − qµq′νC0
−
[
(2pµ + qµ) q
′
ν
q
q′
+ qµ (2p
′
ν + q
′
ν)
q′
q
− qµq′ν
M2 + s
qq′
]
C1, (31)
where we have defined that
C0 =
∫
dzz3J2∆−2(Mz)K0(qz)K0(q
′z) (32)
C1 =
∫
dzz3J2∆−2(Mz)K1(qz)K1(q
′z). (33)
Similarly, the amplitude from the u-channel diagram, which is illustrated in Fig. 2, is found
to be
T uµν ∝
(
2p′µ −
qµ
x˜
)(
2pν − q
′
ν
x˜′
)
T u1 − qµq′νC0
+
[(
2p′µ − qµ
)
q′ν
q
q′
+ qµ (2pν − q′ν)
q′
q
+ qµq
′
ν
M2 + u
qq′
]
C1, (34)
where
x˜ =
q2
2p′ · q , x˜
′ =
q′2
2p · q′ , (35)
and u = (p′− q)2. Note that actually the u-channel amplitude and s-channel amplitude are
related by interchanging qµ, n
µ and q′ν , n
′∗ν according to the crossing symmetry.
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FIG. 2: u-channel Compton scattering
FIG. 3: Four-point interaction of Compton scattering
Last but not least, we need to calculate the four-point interaction contribution, namely,
the contact term as depicted in Fig. 3. The four-point interaction amplitude is
nµT cµνn
′∗ν = 2Q2R5(2π)4δ(4)(p + q − p′ − q′)
∫
dz
√−gΦi(z)gmnAmA∗nΦ∗f (z). (36)
Then it is easy to obtain
T cµν ∝ 2ηµνq′q
∫
dzz3J2∆−2(Mz)K1(qz)K1(q
′z)
+2qµq
′
ν
∫
dzz3J2∆−2(Mz)K0(qz)K0(q
′z). (37)
Summing over all the contributions from those supergravity graphs, we arrive at the
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gauge invariant results
T totµν = T
s
µν + T
u
µν + T
c
µν
= A
[(
2pµ +
qµ
x
)(
2p′ν +
q′ν
x′
)
T s1 +
(
2p′µ −
qµ
x˜
)(
2pν − q
′
ν
x˜′
)
T u1
]
+2A
(
ηµνq
′q − q′µq′ν
q
q′
− qµqν q
′
q
+ qµq
′
ν
q · q′
q′q
)
C1. (38)
The overall constant is found to be A = Q2cicf
z2
0
(2π)4δ(4)(p+ q−p′− q′). One can easily check
the conservation of the current
qµT totµν = 0 and T
tot
µν q
′ν = 0. (39)
It is well-known that the DIS amplitude and structure functions can be extracted from the
imaginary part of forward Compton scattering amplitude according to the optical theorem.
Therefore, one can easily obtain the structure functions F1 and F2 by taking the forward
limit and the imaginary part of T totµν . The results agree with those found in Ref. [5] in the
large-x region. The same conclusion can be also drawn for a dilatino target.
D. Real Compton scattering
In the case of real Compton scattering, it follows that q2 = q′2 = 0 since the incoming
and outgoing photons are taken to be real photons. Since a real photon only has 2 degrees
of freedom, one can choose a polarization vector εµ (q, λ) which is orthogonal to pµ and qµ in
a special gauge. Similarly we can also choose to have ε′ν (q′, λ′) q′ν = 0 and ε
′ν (q′, λ′) pν = 0
for the outgoing photon in the target rest frame. Therefore, the amplitude of real Compton
scattering can be reduced to
M = 2Q2cicfε (q, λ) · ε′ (q′, λ′)B, (40)
with B = 1
z2
0
∫ z0
0
dz zJ2∆−2(Mz) =
1
2
[
J2∆−2(Mz0)− J∆−1(Mz0)J∆−3(Mz0)
]
> 0 when z0 > 0.
This eventually leads to the unpolarized Compton cross section after averaging over λ and
summing over λ′ which gives 1
2
∑
λ,λ′
|ε (q, λ) · ε′ (q′, λ′)|2 = 1
2
(1 + cos2 θ). Thus eventually one
gets
dσUn
dΩq′
∝ Q4 q
′2
0
q20
(
1 + cos2 θ
)
, (41)
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where θ is the angle between the incoming photon and outgoing photon. This result1 is
identical to the cross section found in scalar electrodynamics except for the overall constant.2
E. Deeply virtual Compton scattering
In the case of deeply virtual Compton scattering, only the final state photon is real.
Therefore, we set q′2 = 0 but assume q2 is large as compared to M2. Hereafter in this
subsection, we work in a limit that M → 0 and z0 → ∞ but with Mz0 fixed. In this case,
the outgoing real photon has 2 degrees of freedom, while the incoming virtual photon has
3. It is usually convenient to choose to stay in the target rest frame (the lab frame). In this
frame, we can choose to have ε′ν (q′, λ′) q′ν = 0 and ε
′ν (q′, λ′) pν = 0 as well as εµ (q, λ) qµ = 0.
This yields
M = 2Q2 cicf
z20
ε (q, λ) · ε′ (q′, λ′) C1DVCS + 4Q2 cicf
z20
ε (q, λ) · pε′ (q′, λ′) · p′T s1DVCS, (42)
where
C1DVCS =
∫ z0
0
dzz2J2∆−2(Mz)qK1(qz) (43)
≃ 2 (∆− 1)
M2
(
M2
q2
)∆−1
2F1 (∆− 3
2
,∆, 2∆− 3,−4M
2
q2
) (44)
and
T s1DVCS = −
∫ ∞
0
dω
ω
ω2 + (p+ q)2 − iǫ
∫ z0
0
dzqJ∆−2(Mz)K1(qz)z
2J∆−2(ωz)
×
∫ z0
0
dz′z′J∆−2(ωz
′)J∆−2(Mz
′)
≃ −1
M2 + (p+ q)2 − iǫ
2 (∆− 1)
M2
(
M2
q2
)∆−1
2F1 (∆− 3
2
,∆, 2∆− 3,−4M
2
q2
),(45)
where we approximately write
∫ z0
0
dz′z′J∆−2(ωz′)J∆−2(Mz′) ≃ 1M δ(ω−M), which is an exact
result if z0 →∞. One can approximately write T s1DVCS ≃ −1M2+(p+q)2−iǫC1DVCS.
1 The real Compton amplitude is sensitive to the IR region of the target wave function. For a different
geometry other than AdS, we expect that Eq. (41) will still hold while the constant B may change since
it depends on the details of the IR cutoff.
2 Here we do not take the t -channel graviton exchange contribution into account since it belongs to another
class of contributions. The discussion on this issue is given in the end of Sec. III and the calculation of
t -channel graviton exchange amplitude is provided in Sec. IV.
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To obtain the cross section, let us work out the kinematics first. We analyze the deeply
virtual Compton scattering in the lab frame, in which the initial scalar is at rest. Thus,
Before the scattering pµ = (M, 0, 0, 0) , qµ = (q0, 0, 0, q3) ; (46)
After the scattering p′µ = (p
′
0, p
′
1, 0, p
′
3) , q
′
µ = (ω
′, ω′ sin θ, 0, ω′ cos θ) . (47)
According to the conservation of energy momentum, it is straightforward to see that
p′0 = M + q0 − ω′, (48)
p′1 = −ω′ sin θ, (49)
p′3 = q3 − ω′ cos θ. (50)
In addition, we know that
q2 = q23 − q20 and p′2 = −M2, (51)
which lead us to
ω′ =
2Mq0 − q2
2q0 + 2M − 2q3 cos θ . (52)
We write the polarization vectors explicitly in the following way:
εµ (q, 0) =
1
q
(q3, 0, 0, q0) , (53)
εµ (q,+1) = (0, 1, 0, 0) , (54)
εµ (q,−1) = (0, 0, 1, 0) , (55)
ε′µ (q,+1) = (0, cos θ, 0,− sin θ) , (56)
ε′µ (q,−1) = (0, 0, 1, 0) , (57)
where all the transverse polarization vectors are normalized to 1. Therefore, one can easily
average over λ and sum over λ′, which yields
1
2
∑
λ,λ′
|M|2 = 2Q4 c
2
i c
2
f
z40
C21DVCS
∑
λ,λ′
|ε (q, λ) · ε′ (q′, λ′)|2
+ 8Q4 c
2
i c
2
f
z40
T s21DVCS
∑
λ,λ′
|ε (q, λ) · pε′ (q′, λ′) · p′|2
+ 8Q4 c
2
i c
2
f
z40
C1DVCST s1DVCS
∑
λ,λ′
ε (q, λ) · pε′ (q′, λ′) · p′ε (q, λ) · ε′ (q′, λ′) . (58)
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With the above polarization vectors, we find
∑
λ,λ′
|ε (q, λ) · ε′ (q′, λ′)|2 = 1 + cos2 θ + q
2
0
q2
sin2 θ, (59)
∑
λ,λ′
|ε (q, λ) · pε′ (q′, λ′) · p′|2 =M2q23
q23
q2
sin2 θ, (60)
∑
λ,λ′
[ε (q, λ) · p] [ε′ (q′, λ′) · p′] [ε (q, λ) · ε′ (q′, λ′)] = −Mq0 q
2
3
q2
sin2 θ. (61)
Therefore, the averaged amplitude can be written as
1
2
∑
λ,λ′
|M|2 ≃ 2Q4 c
2
i c
2
f
z40
C21DVCS
[
1 + cos2 θ +
q20
q2
sin2 θ
]
+8Q4 c
2
i c
2
f
z40
C21DVCS
[
4M2q23
(M2 + (p+ q)2)2
+
4Mq0
M2 + (p+ q)2
]
q23
q2
sin2 θ. (62)
The phase space integral in this frame is
∫
dΠ2 =
1
4π
ω′2
2Mq0 − q2
∫
d cos θ. (63)
Plugging everything into the cross-section formula, one finds
dσUn
d cos θ
=
1
2q0
1
2M
1
4π
ω′2
2Mq0 − q2
1
2
∑
λ,λ′
|M|2 (64)
=
ω′2
16M2q20 (1− x)
Q4 c
2
i c
2
f
z40
C21DVCS
[
1 + cos2 θ + χ sin2 θ
]
, (65)
with
χ =
q20
q2
+
q23
q2
[
1
(1− x)2
q23
q20
− 2
1− x
]
(66)
=
q2
4M2 (1− x)2
(
1 +
4M2
q2
x
)2
. (67)
When q2 ≫ 4M2, one finds χ≫ 1.
III. COMPTON SCATTERING OF DILATINO
In this section, we formulate the Compton scattering on a fermion target by evaluating
the s-channel and u-channel supergravity diagrams.
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A. Fermion field in AdS space and bulk to bulk propagator
Spin-1
2
hadrons correspond to supergravity modes of the dilatino which satisfy the Dirac
equation in AdS5 space. In the conformal region the dilatino field can be written as
λ = Ψ(y, z)⊗ η(Ω) , (68)
where Ψ(y, z) is an SO(4, 1) spinor on AdS5 and η(Ω) is an SO(5) spinor on S
5. The wave
function ψ satisfies a five-dimensional Dirac equation in AdS space. Let us first derive the
five-dimensional Dirac equation in the following.
Since the Dirac gamma matrices are defined in the flat spacetime, we need to use viel-
beins to convert them to curved spacetime and make the product D/ Lorentz invariant. A
convenient choice of such vielbeins is given by
eam =
R
z
δam, e
ma =
z
R
ηma and ema =
z
R
δma , (69)
where m = 0, 1, 2, 3, 5. The Levi-Civita connection, which is also known as the Christoffel
connection, is given by
Γpmn =
1
2
gpq(∂ngmq + ∂mgnq − ∂qgmn) (70)
Here we use a, b, c to denote indices in flat space, and m,n, p, q to denote indices in curved
space (AdS5 space). In addition, the Greek indices µ, ν are defined in Minkowski space.
From the metric, one knows
gmn =
R2
z2
ηmn. (71)
It is then straightforward to work out the Levi-Civita connection in AdS5 space
Γ5µν =
1
z
ηµν , Γ
5
55 = −
1
z
and Γµν5 = −
1
z
δµν . (72)
From the above vielbeins and Levi-Civita connections, we can compute the spin connection
which is defined as
ωabm = e
a
n∂me
nb + eane
pbΓnpm. (73)
The only nonvanishing spin connections are
ω5νµ = −ων5µ =
1
z
δνµ. (74)
Using the above results, the operator D/ can be cast into
D/ = gmneanγa
(
∂m +
1
2
ωbcmΣbc
)
=
z
R
(
γ5∂z + γ
µ∂µ − 2
z
γ5
)
, (75)
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with Σµ5 =
1
4
[γµ, γ5].
3 The free dilatino field in AdS5 space satisfies the Dirac equation
[44, 45]
(D/ −m)Ψ = z
R
(
γ5∂z + γ
µ∂µ − 2
z
γ5 − mR
z
)
Ψ = 0. (76)
Its normalizable solution is given by
Ψ(z, y) = Ceip·yz
5
2
[
JmR−1/2(Mz)P+ + JmR+1/2(Mz)P−
]
uσ (77)
with
p/uσ = −iMuσ(σ = 1, 2), M2 = −p2, P± = 1
2
(1± γ5). (78)
Therefore, we choose the initial and final wave functions of the dilatino to be
Ψi(y, z) =
c′i
z0R9/2
eip·yz5/2
[
JmR−1/2(Mz)P+ + JmR+1/2(Mz)P−
]
uiσ
Ψ
∗
f(y
′, z′) =
c′f
z0R9/2
e−ip
′·y′ufσ′z
′5/2 [JmR−1/2(Mz′)P− + JmR+1/2(Mz′)P+] , (79)
with a chosen boundary condition JmR−1/2(Mz0) = 0.
Furthermore, we can now consider the bulk to bulk propagator of dilatino. It satisfies
the following differential equation
z
R
(
γ5∂z + γ
µ∂µ − 2
z
γ5 − mR
z
)
G(z, y; z′, y′) =
z5
R
δ(z − z′)δ4(y − y′). (80)
Using the identity
(D/ −m)
{
eik·yz
5
2
[
JmR−1/2(ωz)P+ + JmR+1/2(ωz)P−
]}
=
z
R
{
eip·yz
5
2
[
JmR−1/2(ωz)P− + JmR+1/2(ωz)P+
]}
(ik/− ω) , (81)
it is to straightforward to verify that the solution of Eq. (81) is given by
G(y, z; y′, z′) = −
∫
d4k
(2π)4
e−ik·(y−y
′)
∫ ∞
0
dωωz5/2
[
JmR−1/2(ωz)P+ + JmR+1/2(ωz)P−
]
× −ik/+ ω
ω2 + k2 − iǫz
′5/2 [JmR−1/2(ωz′)P− + JmR+1/2(ωz′)P+] . (82)
Following the usual convention, we start with the final state fermion and end with the
initial state fermion when we write the amplitude. Thus the following Green’s function is
3 We define the γ-matrices according to the Dirac algebra in the mostly plus metric signature −+++. The
γµ that we used differ from the conventional gamma matrices by a factor of i.
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used hereafter:
G(z′, y′; z, y) = −
∫
d4k
(2π)4
eik·(y
′−y)
∫ ∞
0
dωωz′5/2
[
JmR−1/2(ωz
′)P+ + JmR+1/2(ωz
′)P−
]
× ik/+ ω
ω2 + k2 − iǫz
5/2
[
JmR−1/2(ωz)P− + JmR+1/2(ωz)P+
]
. (83)
B. Compton scattering amplitudes
The interaction vertex between the Kaluza-Klein gauge field and dilatino is given by
Sint =
∫
d10x
√−g Amvwλ¯Xγm∂wλi (84)
= iQR5
∫
d5x
√−g AmΨ∗XemaγaΨi, (85)
where λ stands for the full 10-dimensional wave function of the dilatino state. In arriving
at the above expression, we have used the fact that vw∂wλi = iQλi and the integration over
S5 gives R5.
Now we are ready to calculate the Compton scattering amplitude of the dilatino from
gauge/string duality. In this section, we consider the following two diagrams, namely, the
s-channel and u-channel graphs. The s-channel is illustrated in Fig. 1. Here we use the bulk
to bulk propagator from z′ to z, which is different from the deeply inelastic scattering where
the propagator is always taken to be on shell. Using the dilatino bulk to bulk propagator
and above interaction vertex, we can write s-channel amplitude T sµν as
T sµν = T
s
µν1 + T
s
µν2 + T
s
µν3 + T
s
µν4,
where
T s1µν = A′
∫
dz
∫
dz′z−1/2z′−1/2q′K1(q
′z′)qK1(qz)
×u¯σ′(p′)
[
JmR−1/2(Mz
′)P− + JmR+1/2(Mz
′)P+
]
γµ
×G(z′, z; p + q)γν
[
JmR−1/2(Mz)P+ + JmR+1/2(Mz)P−
]
uσ(p), (86)
T s2µν = iA′
∫
dz
∫
dz′z−1/2z′−1/2q′K1(q
′z′)qνK0(qz)
×u¯σ′(p′)
[
JmR−1/2(Mz
′)P− + JmR+1/2(Mz
′)P+
]
γµ
×G(z′, z; p+ q)γ5 [JmR−1/2(Mz)P+ + JmR+1/2(Mz)P−] uσ(p), (87)
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T s3µν = −iA′
∫
dz
∫
dz′z−1/2z′−1/2q′µK0(q
′z′)qK1(qz)
×u¯σ′(p′)
[
JmR−1/2(Mz
′)P− + JmR+1/2(Mz
′)P+
]
γ5
×G(z′, z; p + q)γν
[
JmR−1/2(Mz)P+ + JmR+1/2(Mz)P−
]
uσ(p), (88)
T s4µν = A′
∫
dz
∫
dz′z−1/2z′−1/2q′µK0(q
′z′)qνK0(qz)
×u¯σ′(p′)
[
JmR−1/2(Mz
′)P− + JmR+1/2(Mz
′)P+
]
γ5
×G(z′, z; p+ q)γ5 [JmR−1/2(Mz)P+ + JmR+1/2(Mz)P−] uσ(p), (89)
with A′ = Q
2c′ic
′
f
z2
0
(2π)4δ(4)(p+ q − p′ − q′)4 and
G(z′, z; k) = −
∫ ∞
0
dωωz′5/2
[
JmR−1/2(ωz
′)P+ + JmR+1/2(ωz
′)P−
]
× ik/+ ω
ω2 + k2 − iǫz
5/2
[
JmR−1/2(ωz)P− + JmR+1/2(ωz)P+
]
. (90)
Using Eq. (25) and p/uσ = −iMuσ, along with the recurrence relations
d
dx
Jn(x) = Jn−1(x)− n
x
Jn(x), (91)
d
dx
Jn(x) =
n
x
Jn(x)− Jn+1(x), (92)
we can have
∫
dzz2K0(qz)(ik/+ ω)
[
JmR−1/2(ωz)P− + JmR+1/2(ωz)P+
]
×γ5 [JmR−1/2(Mz)P+ + JmR+1/2(Mz)P−]uσ(p)
=
∫
dzz2qK1(qz)(ik/+ ω)
[
JmR−1/2(ωz)P− + JmR+1/2(ωz)P+
] iq/
q2
× [JmR−1/2(Mz)P+ + JmR+1/2(Mz)P−] uσ(p)
+
∫
dzz2qK1(qz)
ω2 + k2
q2
[
JmR−1/2(ωz)P+ + JmR+1/2(ωz)P−
]
× [JmR−1/2(Mz)P+ + JmR+1/2(Mz)P−] uσ(p). (93)
Similarly, we can also find
∫
dzz2K0(q
′z)u¯σ′(p
′)
[
JmR−1/2(Mz)P− + JmR+1/2(Mz)P+
]
4 Here we assign each dilatino propagator a factor of 1
R9
, and find that the Compton amplitude is indepen-
dent of R.
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×γ5 [JmR−1/2(ωz)P+ + JmR+1/2(ωz)P−] (ik/+ ω)
= −
∫
dzz2q′K1(q
′z)u¯σ′(p
′)
[
JmR−1/2(Mz)P− + JmR+1/2(Mz)P+
]
× iq
′/
q′2
[
JmR−1/2(ωz)P+ + JmR+1/2(ωz)P−
]
(ik/+ ω)
−
∫
dzz2q′K1(q
′z)u¯σ′(p
′)
[
JmR−1/2(Mz)P− + JmR+1/2(Mz)P+
]
× [JmR−1/2(ωz)P− + JmR+1/2(ωz)P+] ω2 + k2
q′2
. (94)
This can simplify the Compton scattering amplitude a lot, and lead to
T s2µν = −A′
∫
dz
∫
dz′z−1/2z′−1/2q′K1(q
′z′)qK1(qz)
×u¯σ′(p′)
[
JmR−1/2(Mz
′)P− + JmR+1/2(Mz
′)P+
]
γµ
×G(z′, z; p+ q)qνq/
q2
[
JmR−1/2(Mz)P+ + JmR+1/2(Mz)P−
]
uσ(p)
−iA′u¯σ′(p′)γµP+uσ(p)qν
q
∫
dzz3K1(qz)K1(q
′z)J2mR−1/2(Mz)
−iA′u¯σ′(p′)γµP−uσ(p)qν
q
∫
dzz3K1(qz)K1(q
′z)J2mR+1/2(Mz), (95)
T s3µν = −A′
∫
dz
∫
dz′z−1/2z′−1/2q′K1(q
′z′)qK1(qz)
×u¯σ′(p′)
[
JmR−1/2(Mz
′)P− + JmR+1/2(Mz
′)P+
] q′µq′/
q′2
×G(z′, z; p+ q)γν
[
JmR−1/2(Mz)P+ + JmR+1/2(Mz)P−
]
uσ(p)
−iA′u¯σ′(p′)γνP+uσ(p)
q′µ
q′
∫
dzz3K1(qz)K1(q
′z)J2mR−1/2(Mz)
−iA′u¯σ′(p′)γνP−uσ(p)
q′µ
q′
∫
dzz3K1(qz)K1(q
′z)J2mR+1/2(Mz) (96)
and
T s4µν = A′
∫
dz
∫
dz′z−1/2z′−1/2q′K1(q
′z′)qK1(qz)
×u¯σ′(p′)
[
JmR−1/2(Mz
′)P− + JmR+1/2(Mz
′)P+
] q′µq′/
q′2
×G(z′, z; p + q)qνq/
q2
[
JmR−1/2(Mz)P+ + JmR+1/2(Mz)P−
]
uσ(p)
+iA′u¯σ′(p′)q/P+uσ(p)
q′µqν
q′q
∫
dzz3K1(q
′z)K1(qz)J
2
mR−1/2(Mz)
+iA′u¯σ′(p′)q/P−uσ(p)
q′µqν
q′q
∫
dzz3K1(q
′z)K1(qz)J
2
mR+1/2(Mz)
−A′u¯σ′(p′)γ5uσ(p)
q′µqν
q′q
∫
dzz3q′K0(q
′z)K1(qz)JmR−1/2(Mz)JmR+1/2(Mz). (97)
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Using the same trick, it is then straightforward to calculate the u-channel graph as
illustrated in Fig. (2) and obtain
T uµν = T
u
1µν + T
u
2µν + T
u
3µν + T
u
4µν , (98)
where
T u1µν = A′
∫
dz
∫
dz′z−1/2z′−1/2qK1(qz
′)q′K1(q
′z)
×u¯σ′(p′)
[
JmR−1/2(Mz
′)P− + JmR+1/2(Mz
′)P+
]
γν
×G(z′, z; p− q′)γµ
[
JmR−1/2(Mz)P+ + JmR+1/2(Mz)P−
]
uσ(p), (99)
T u2µν = −A′
∫
dz
∫
dz′z−1/2z′−1/2qK1(qz
′)q′K1(q
′z)
×u¯σ′(p′)
[
JmR−1/2(Mz
′)P− + JmR+1/2(Mz
′)P+
]
γν
×G(z′, z; p− q′)q
′
µq
′/
q′2
[
JmR−1/2(Mz)P+ + JmR+1/2(Mz)P−
]
uσ(p)
+iA′u¯σ′(p′)γνP+uσ(p)
q′µ
q′
∫
dzz3K1(qz)K1(q
′z)J2mR−1/2(Mz)
+iA′u¯σ′(p′)γνP−uσ(p)
q′µ
q′
∫
dzz3K1(qz)K1(q
′z)J2mR+1/2(Mz), (100)
T u3µν = −A′
∫
dz
∫
dz′z−1/2z′−1/2qK1(qz
′)q′K1(q
′z)
×u¯σ′(p′)
[
JmR−1/2(Mz
′)P− + JmR+1/2(Mz
′)P+
] qνq/
q2
×G(z′, z; p− q′)γµ
[
JmR−1/2(Mz)P+ + JmR+1/2(Mz)P−
]
uσ(p)
+iA′u¯σ′(p′)γµP+uσ(p)qν
q
∫
dzz3K1(qz)K1(q
′z)J2mR−1/2(Mz)
+iA′u¯σ′(p′)γµP−uσ(p)qν
q
∫
dzz3K1(qz)K1(q
′z)J2mR+1/2(Mz) (101)
and
T u4µν = A′
∫
dz
∫
dz′z−1/2z′−1/2qK1(qz
′)q′K1(q
′z)
×u¯σ′(p′)
[
JmR−1/2(Mz
′)P− + JmR+1/2(Mz
′)P+
] qνq/
q2
×G(z′, z; p− q′)q
′
µq
′/
q′2
[
JmR−1/2(Mz)P+ + JmR+1/2(Mz)P−
]
uσ(p)
−iA′u¯σ′(p′)q′/P+uσ(p)
q′µqν
q′q
∫
dzz3K1(q
′z)K1(qz)J
2
mR−1/2(Mz)
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−iA′u¯σ′(p′)q′/P−uσ(p)
q′µqν
q′q
∫
dzz3K1(q
′z)K1(qz)J
2
mR+1/2(Mz)
−A′u¯σ′(p′)γ5uσ(p)
q′µqν
q′
∫
dzz3K0(qz)K1(q
′z)JmR−1/2(Mz)JmR+1/2(Mz) (102)
After some more algebra, one can find the total contribution is given by
Tµν = T
s
µν + T
u
µν
= A′
∫
dz
∫
dz′z−1/2z′−1/2q′K1(q
′z′)qK1(qz)
×u¯σ′(p′)
[
JmR−1/2(Mz
′)P− + JmR+1/2(Mz
′)P+
](
γµ −
q′µq
′/
q′2
)
×G(z′, z; p+ q)
(
γν − qνq/
q2
)[
JmR−1/2(Mz)P+ + JmR+1/2(Mz)P−
]
uσ(p)
+A′
∫
dz
∫
dz′z−1/2z′−1/2qK1(qz
′)q′K1(q
′z)
×u¯σ′(p′)
[
JmR−1/2(Mz
′)P− + JmR+1/2(Mz
′)P+
](
γν − qνq/
q2
)
×G(z′, z; p− q′)
(
γµ −
q′µq
′/
q′2
)[
JmR−1/2(Mz)P+ + JmR+1/2(Mz)P−
]
uσ(p). (103)
It is obvious that the current conservation, namely, Tµνq
ν = 0 and q′µTµν = 0, is satisfied as a
result of cancellation between s-channel and u-channel amplitudes due to gauge invariance.
In addition, Eq. (103) can be recast into a simple form
Tµν = −A′eLµα(q′)eLνβ(q)
∫ ∞
0
dω
ω
ω2 + (p+ q)2 − iǫ u¯σ′(p
′) [C1(q′, ω)P− + C2(q′, ω)P+]
×γα [i(p/+ q/) + ω] γβ [C1(q, ω)P+ + C2(q, ω)P−] uσ(p)
−A′eLµβ(q′)eLνα(q)
∫ ∞
0
dω
ω
ω2 + (p− q′)2 − iǫ u¯σ′(p
′) [C1(q, ω)P− + C2(q, ω)P+]
×γα [i(p/− q′/) + ω] γβ [C1(q′, ω)P+ + C2(q′, ω)P−] uσ(p), (104)
where
eLµα(q) = gµα −
qµqα
q2
(105)
C1(q, ω) =
∫ z0
0
dzz2qK1(qz)JmR−1/2(Mz)JmR−1/2(ωz) (106)
C2(q, ω) =
∫ z0
0
dzz2qK1(qz)JmR+1/2(Mz)JmR+1/2(ωz). (107)
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C. Real Compton Scattering
In the case of real Compton scattering, both initial and final state photons are real. In
the limit q2 = 0, choosing the boundary condition Jτ−2(Mz0) = 0 with τ = mR + 3/2, we
can have
C1(0, ω) = M
M2 − ω2 z0Jτ−2(ωz0)Jτ−1(Mz0) (108)
C2(0, ω) = ω
M2 − ω2 z0Jτ−2(ωz0)Jτ−1(Mz0) (109)
Here we would like to work in a limit that M → 0 and z0 → ∞ but with Mz0 fixed. If we
take the limit z0 →∞, we can obtain
C1(0, ω)→ 1
M
δ(ω −M) and C2(0, ω)→ 1
M
δ(ω −M). (110)
Setting both q2 = 0 and q′2 = 0, the real Compton scattering amplitude is found to be
Tµν = −A′z20J2τ−1(Mz0)u¯σ′(p′)γµ
i(p/+ q/) +M
M2 + (p+ q)2
γνuσ(p)
−A′z20J2τ−1(Mz0)u¯σ′(p′)γν
i(p/ − q′/) +M
M2 + (p− q′)2γµuσ(p). (111)
In such approximation, the real Compton scattering amplitude found above is parametrically
the same as the Compton scattering amplitude of the fundamental particle of spin 1/2.
D. Deeply virtual Compton scattering
In the case of DVCS, the incoming photon is virtual, and the outgoing photon is assumed
to be real. Therefore, we set q′2 = 0 while q2 ≫ M2, and still let z0 → ∞ but with Mz0
kept fixed. Thus, the scattering amplitude in Eq. (104) is found to be
Tµν = −A′eLνβ(q)u¯σ′(p′)γµ
i(p/+ q/) +M
M2 + (p+ q)2
γβ [C1(q,M)P+ + C2(q,M)P−]uσ(p)
−A′eLνα(q)u¯σ′(p′) [C1(q,M)P− + C2(q,M)P+] γα
i(p/− q′/) +M
M2 + (p− q′)2γµuσ(p), (112)
where
C1(q,M) ≃ 2 (τ − 1)
M2
(
M2
q2
)τ−1
2F1 (τ − 3
2
, τ, 2τ − 3,−4M
2
q2
) (113)
C2(q,M) ≃ 2τ
M2
(
M2
q2
)τ
2F1 (τ − 1
2
, τ + 1, 2τ − 1,−4M
2
q2
). (114)
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To calculate the DVCS cross section, we define Tµν = (2π)
4δ(4)(p + q − p′ − q′)Mµν . The
amplitude Mµν can be written as
Mµν = −
Q2c′ic′f
z20
eLνβ(q)u¯σ′(p
′)γµ
i(p/+ q/) +M
M2 + (p+ q)2
γβ [C1(q,M)P+ + C2(q,M)P−]uσ(p)
−Q
2c′ic
′
f
z20
eLνα(q)u¯σ′(p
′) [C1(q,M)P− + C2(q,M)P+] γα i(p/− q
′/) +M
M2 + (p− q′)2γµuσ(p),(115)
where one can see Mµν is dimensionless with our normalization. One can further simplify
the amplitude as
Mµν = D1
[
u¯σ′(p
′)γµ
i(p/+ q/) +M
M2 + (p+ q)2
γνuσ(p) + u¯σ′(p
′)γν
i(p/− q′/) +M
M2 + (p+ q′)2
γµuσ(p)
]
+D2eLνα(q)u¯σ′(p′)γµ
i(p/+ q/) +M
M2 + (p+ q)2
γαγ5uσ(p)
−D2eLνα(q)u¯σ′(p′)γ5γα
i(p/ − q′/) +M
M2 + (p− q′)2γµuσ(p), (116)
with D1 = −Q
2c′ic
′
f
z2
0
C1(q,M)+C2(q,M)
2
and D2 = −Q
2c′ic
′
f
z2
0
C1(q,M)−C2(q,M)
2
.
1. Polarizations of photons
Before we evaluate the DVCS cross section, we need to write down the polarization of real
and virtual photons in the lab frame. First for a real photon, we suppose the momentum
and the polarization of the photon can be written as
q′µ = (ω
′, ω′ sin θ, 0, ω′ cos θ) , (117)
ε′µ (q′,+1) = (0, cos θ, 0,− sin θ) , (118)
ε′µ (q′,−1) = (0, 0, 1, 0) . (119)
According to the current conservation
ηµνq′µMν = 0, (120)
one obtains
− ω′M0 + ω′M1 sin θ + ω′M3 cos θ = 0. (121)
It is straightforward to show that
ηµνM∗µMν = |M1|2 + |M2|2 + |M3|2 − |M0|2 =
∑
λ
ǫ∗µǫνM∗µMν . (122)
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Therefore, we see that
∑
λ ǫ
∗µǫν = ηµν .
Now for a virtual photon, we find that the momentum and the polarization are
qµ = (q0, 0, 0, q3) , (123)
εµ (q, 0) =
1
q
(q3, 0, 0, q0) , (124)
εµ (q,+1) = (0, 1, 0, 0) , (125)
εµ (q,−1) = (0, 0, 1, 0) , (126)
where q2 = q23 − q20 . According to the current conservation
ηµνqµMν = 0, (127)
one gets
− q0M0 + q3M3 = 0. (128)
It is easy to see that
ηµνM∗µMν = |M1|2 + |M2|2 + |M3|2 − |M0|2
= |M1|2 + |M2|2 − q
2
q20
|M3|2 , (129)
and
∑
λ
ǫ∗µǫνM∗µMν = |M1|2 + |M2|2 +
(
−q3
q
M∗0 +
q0
q
M∗3
)(
−q3
q
M0 + q0
q
M3
)
(130)
= |M1|2 + |M2|2 + q
2
q20
|M3|2 . (131)
Therefore, for a virtual photon, we know
∑
λ
ǫ∗µǫν 6= ηµν , but
∑
λ
(−1)λ+1 ǫ∗µǫν = ηµν . (132)
2. DVCS cross sections
Using the results from the last subsection, we can find the following identity
2 (σT + σL) = |M1|2 + |M2|2 + 2q
2
q20
|M3|2 , (133)
= ηµνM∗µMν + 3
q2
q23M
2
pµpνM∗µMν , . (134)
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Together with the definition
Wνν′ = ε
µ(q′)ε∗µ
′
(q′)MµνM∗µ′ν′ , (135)
after some tedious but straightforward computation, we find
∑
λ
ǫ∗µǫνWµν = 8D1D1
{
A(1)ss + A
(1)
uu + A
(1)
us
}
+ 8D2D2
{
A(2)ss + A
(2)
uu + A
(2)
us
}
,
with
A(1)ss =
1
s˜2
(4M4 − 4M2s˜− 2M2t− 2M2u˜− s˜u˜)
+
3q2
q23 s˜
2
(
M2t+ 4M4 −M2s˜+M2u˜+ 1
2
u˜s˜
)
(136)
A(1)uu =
1
u˜2
(4M4 − 2M2s˜− 2M2t− 4M2u˜− s˜u˜)
+
3q2
q23u˜
2
[
(t + 2M2)(M2 − u˜− u˜
2
2M2
) + 2M4 − 1
2
u˜s˜−M2(s˜+ u˜)
]
(137)
A(1)us =
2
u˜s˜
[
M2(4M2 − s˜− u˜)− t(t + s˜+ u˜)]
+
3q2
q23u˜s˜
[
(t+ 2M2)(4M2 + u˜+ t)− u˜2 + 2M2s˜] , (138)
and
A(1)ss + A
(1)
uu + A
(1)
us
= − 1
s˜2u˜2
{
2s˜u˜
[
t(t+ s˜+ u˜)−M2(4M2 − s˜− u˜)]
−u˜2(4M4 − 4M2s˜− 2M2t− 2M2u˜− s˜u˜)
−s˜2(4M4 − 4M2u˜− 2M2t− 2M2s˜− s˜u˜)}
+
3q2
q23 s˜
2u˜2
(
4M2 − s˜+ t+ u˜− s˜u˜
2M2
)[
M2(s˜+ u˜)2 + ts˜u˜
]
(139)
= − 1
s˜2u˜2
{(
s˜2 + u˜2
)
s˜u˜+ 2
(
q2 − 2M2) [M2 (s˜+ u˜)2 + u˜s˜t]}
+
3q2
q23 s˜
2u˜2
(
4M2 − s˜+ t+ u˜− s˜u˜
2M2
)[
M2(s˜+ u˜)2 + ts˜u˜
]
, (140)
and
A(2)ss = −
1
2q2s˜2
[
2M2(8M2q2 + 2q4 − 4q2s˜− s˜2)− s˜2(s˜+ u˜) + q2s˜(s˜+ 2u˜)]
− 3
8q2q23
[
4M2q2 + (q2 − s˜)2] (−2 + t
M2
) (141)
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A(2)uu = −
1
2q2u˜2
[
2M2(8M2q2 + 2q4 − 4q2u˜− u˜2)− u˜2(s˜ + u˜) + q2u˜(u˜+ 2s˜)]
− 3
8q2q23 u˜
2
[
2(4M2q2s˜2 + 8M2q2s˜u˜+ 4q4s˜u˜+ q4u˜2 − 2q2s˜2u˜− s˜2u˜2)
+
t
M2
(q2 + s˜)2u˜2
]
(142)
A(2)us = −
1
q2u˜s˜
[
4M2q2(4M2 + 2q2 + t)− 2M2(s˜2 + u˜2 + s˜u˜) + (2q4 − s˜u˜)t]
− 3
4q2q23 u˜
[
2(4M2q2u˜+ 3q4u˜+ q2s˜2 − 2q2s˜u˜− q2u˜2 − s˜3 − s˜2u˜− s˜u˜2)
+
t
M2
(q4 − s˜2)u˜
]
(143)
and
A(2)ss + A
(2)
uu + A
(2)
us
= − 1
q2s˜2u˜2
[
2M2(s˜+ u˜)2(4M2q2 + q4 − s˜u˜) + q2s˜u˜(s˜2 + u˜2 + 8M2t+ 2q2t)]
− 3
2q2q23u˜
2
[
(2M2q2 − s˜u˜)(s˜+ u˜)2 + 2q4u˜(s˜+ u˜) + q2u˜2t(2 + q2/M2)] . (144)
The Mandelstam variables used above are defined as follows
s˜ = s+M2 = (p′ + q′)2 +M2 = 2p′ · q′, (145)
u˜ = u+M2 = (p− q′)2 +M2 = −2p · q′, (146)
t = (p− p′)2. (147)
Using the lab frame we define in Eqs.(46) and Eq.(47), along with the phase space integral
∫
dΠ2 ==
1
8π
√
4M2q2 + (W 2 + q2 −M2)2
∫
dt, with W 2 = 2Mq0 − q2 +M2, (148)
we can write cross-section formula as
dσUn
dt
=
1
2q0
1
2M
1
4π
ω′2
2Mq0 − q2
1
4
2 (σT + σL)
=
1
16π(W 2 + q2 −M2)√4M2q2 + (W 2 + q2 −M2)2
× [2D21 (A(1)ss + A(1)uu + A(1)us )+ 2D22 (A(2)ss + A(2)uu + A(2)us )] . (149)
The above equation is one of our major results in this paper. Assuming the QCD coupling
is large during the interaction due to confinement, we can compare this result to the HERA
data. We plot the integrated cross section as a function of Q2 in Fig. 4. As shown in Fig. 4,
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FIG. 4: The DVCS (γ∗p→ γp) cross section as a function of Q2 for W = 82GeV and |t| < 1GeV 2.
The data points are taken from Refs. [46–48]. The solid line represents the dilatino DVCS cross
section in Eq. (149) after integrating over t. We set τ = 2, the mass M = 0.938GeV to be the
proton mass and q2 = Q2. We have used one of the data points to fix the overall constant.
we compare the DVCS cross section in Eq. (149) after integrating over t (|t| < 1) to the
low-energy H1 and the ZEUS data[46–48] and find that our result is consistent with the
data. Equation (149) only includes the s-channel and u-channel graphs. There should be
the t-channel graviton exchange contribution which is discussed in the next section in the
plot. However, we argue that the s-channel and u-channel contributions are dominant in the
low-energy region, whereas the t-channel graviton exchange dominates in the high-energy
limit. In addition, technically, it is hard to fix the normalization of the t-channel graph as
compared to the s-channel and u-channel graphs. It is obvious that the s-channel and u-
channel contributions are proportional to Q2, with Q being the charge of the targets. On the
other hand, the t-channel graviton exchange only couples to the energy momentum tensors
of the target hadrons, and it does not depend on the quantum number of the target. In QCD,
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FIG. 5: The scalar DVCS cross section as a function of Q2 for W = 82GeV and |t| < 1GeV 2. The
solid line represents the dilaton DVCS cross section calculated in Sec. II. We set ∆ = 2 and use
the same normalization and parameters as the dilatino in the plot.
the situation is quite similar. In the low-energy region, where valence quark contribution
dominates, the scattering amplitude certainly is proportional to e2, where e is the proton
charge. However, in the high-energy region, where the Pomeron exchange starts to dominate
the amplitude, we find the parton distribution becomes universal and independent of the
quantum number of the target hadron. Therefore, assuming the t-channel graviton exchange
graphs are small in the low-energy region, we neglect this contribution when we compare
the calculated cross section to the low-energy H1 and the ZEUS data[46–48].
As a comparison, we also plot the integrated cross section for a scalar target, which is
calculated in Sec. II, as function of Q2 in Fig. 5. We use the same parameter and overall
constant as in Fig. 4. Numerically, there is little difference between these two plots.
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FIG. 6: t-channel graviton exchange
IV. T -CHANNEL GRAVITON EXCHANGES
The exact evaluation of the t-channel graviton exchange graph as illustrated in Fig. 6
is not an easy task. Here we provide a heuristic derivation at the large-s limit where the
t-channel graviton exchange contribution dominates, with s being the center of mass energy.
Therefore, hereafter we neglect the mass terms in the energy momentum tensors and only
keep the leading order terms. For simplicity, we also drop the S5 dependence of the wave
functions, because it only contributes an overall constant. It is well-known that the graviton
couples to the energy momentum tensor. The t-channel graviton exchange contribution does
not depend on the charge of the target hadron (Q), which is uniquely different from the s-
channel and u-channel graphs’ contributions computed above. Technically, it is hard to
normalize the t-channel graviton contribution as compared to the s-channel and u-channel
graphs’ contributions. We assume that the t-channel contribution is small at low energy.
However, it is the dominant contribution at high energy due to its energy dependence. In
this section, we set the curvature of the AdS space R = 1, since the final results do not
depend on R.
The t-channel graviton exchange amplitude between the dilaton target and the photon
can be written in the following:
AG = nµTGµνn′∗ν = κ2
∫
d5yd5y′TΦmn(y)G
mnkl(y, y′)TAkl(y
′), (150)
where nµ and n′∗ν are the polarization vectors and κ is the gravitational coupling to the
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stress-energy tensor. Gmnkl(x, y) is the graviton propagator which can be written as[49]
Gmnkl(y, y′) =
(
gmkgnl + gmlgnk − ηgmngkl)G(y, y′) (151)
with η = 2
D−2 . Strictly speaking, one should use the full graviton propagator derived in
AdS5 space as in Ref. [40]. However, in the high-energy limit, one can still obtain the
correct expression using the above graviton propagator (see, e.g., in Refs. [5, 41]). The
stress-energy tensor TΦmn for a massless dilaton field is
TΦmn = (gmαgnβ + gmβgnα − gmngαβ) ∂αΦ∗∂βΦ. (152)
We put Φ as the initial dilaton wave function and Φ∗ as the final dilaton wave function. The
stress-energy tensor TAkl for a Kaluza-Klein gauge field can be written as
TAkl = g
ρσFkρFlσ − 1
4
gklFρσF
ρσ, (153)
with
Fµν = i (qµnν − qνnµ) eiq·yqzK1 (qz) ,
Fµz =
(
nµq
2 − qµq · n
)
eiq·yzK0 (qz) . (154)
The indices µ, ν denote the four dimensions in Minkowski spacetime, and the rest of the
indices m,n, k, l, · · · are defined in AdS5 space. It is easy to work out the tensor contractions
and obtain
TΦmn(y)G
mnkl(y, y′)TAkl(y
′)
∝ 2 (∂kΦ∗∂lΦ + ∂kΦ∂lΦ∗)FkρFlσgρσ − ∂kΦ∂kΦFρσF ρσ + · · · . (155)
This expression agrees with Ref. [5] in the forward limit. At high energy[41], the first term
in the above effective action dominates, because it gives rise to terms like p · q, which is large
as compared to q2 and M2. Therefore, the graviton exchange amplitude for the Compton
scattering can be written as
AG = nµT Gµνn′∗ν =
∫
d5y
√−gd5y′
√
−g′2 (∂kΦ∗∂lΦ + ∂kΦ∂kΦ∗) gρσFkρFlσG(y, y′), (156)
It is straightforward to find that
gρσFµρ (q)Fνσ (q
′)
=
(
nµq
2 − qµq · n
) (
n′νq
′2 − q′νq′ · n′
) z4
R2
ei(q−q
′)·yK0 (qz)K0 (q
′z)
+ (n · n′qµq′ν − q · n′nµq′ν − q′ · nqµn′ν + q · q′nµn′ν)
z4
R2
ei(q−q
′)·yq′qK1 (qz)K1 (q
′z) .(157)
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Following the derivation in Ref.[24], we get
T Gµν ∝ A′′
[(
pµ +
qµ
2x
)(
p′ν +
q′ν
2x′
)
+
(
p′µ −
qµ
2x˜
)(
pν − q
′
ν
2x˜′
)]
q2q′2T G1
+A′′

 q
′q
4xx′
(
ηµν +
2x
q2
pµqν +
2x′
q′2 q
′
µp
′
ν +
4xx′
q2q′2 q · q′pµp′ν
)
+ q
′q
4x˜x˜′
(
ηµν − 2x˜q2 p′µqν − 2x˜
′
q′2 q
′
µpν +
4x˜x˜′
q2q′2 q · q′p′µpν
)

 q2q′2T G2 , (158)
with A′′ ∝ (2π)4 δ (p+ q − p′ − q′), x = − q2
2p·q , x
′ = − q′2
2p′·q′ , x˜ =
q2
2p′·q , x˜
′ = q
′2
2p·q′ and
T G1 =
∫
dzz3K0 (qz)K0 (q
′z)
∫
dz′z′3J2∆−2 (Mz
′)
×
∫
C
dj
2i
1 + e−iπj
sin πj
(α′s)j−2+α
′tz′2
√
j − j0
(
z2
z′2
)1−γ
, (159)
T G2 =
∫
dzz3K1 (qz)K1 (q
′z)
∫
dz′z′3J2∆−2 (Mz
′)
×
∫
C
dj
2i
1 + e−iπj
sin πj
(α′s)j−2+α
′tz′2
√
j − j0
(
z2
z′2
)1−γ
, (160)
with α′ = R2/
√
λ and γ ≃ 1 − 1√
λ
. Here we have neglected the contributions of
gρσFzρ (q)Fνσ (q
′) and gρσFzρ (q)Fzσ (q′) since they are subleading at the high-energy limit.
The contour C runs parallel to the imaginary axis from j− i∞ to j+ i∞ with j0 ≡ 2− 2√λ <
j < 2. It is interesting to note that T Gµν is always conserved, namely, qµT Gµν = 0 and
q′νT Gµν = 0, thanks to its coupling to the photon energy momentum tensor and the equation
of motion.
Assuming that the interaction is local5, one obtains
T G1 =
∫
dzz3K0 (qz)K0 (q
′z) z4J2∆−2 (Mz) ,
T G2 =
∫
dzz3K1 (qz)K1 (q
′z) z4J2∆−2 (Mz) . (161)
In the forward Compton scattering limit, our result agrees with the one found in Refs.[5, 24].
If the energy gets so high that 1√
λ
lnα′s becomes of order 1, the imaginary part of the graviton
exchange amplitude can no longer be assumed local due to diffusion[5, 24]. Because graviton
has a spin of 2, the forward scattering amplitude is proportional to 1
x2
up to some curvature
corrections.
5 Essentially, the t -channel graviton exchange is non-local. Here we adopt this local approximation to show
that the imaginary part of this amplitude in the forward limit can smoothly match the DIS calculation[5,
24].
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For a dilatino target, we use the following dilatino energy momentum tensor
TmnΨ =
1
2
(
Ψ
∗
γm
−→
∂nΨ+Ψ
∗
γm
←−
∂nΨ+Ψ
∗
γn
−→
∂mΨ+Ψ
∗
γn
←−
∂mΨ
)
. (162)
From the above calculation for the dilaton, one can easily see that the leading contribution
at high energy comes from
T µνΨ ∝ 2 (pµp′ν + pνp′µ) e−i(p−p
′)·xz5
(
J2τ−2 (Mz
′) + J2τ−1 (Mz
′)
)
+ · · · . (163)
Thus the t-channel graviton exchange amplitude for the dilatino is
T GΨµν ∝ A′′
[(
pµ +
qµ
2x
)(
p′ν +
q′ν
2x′
)
+
(
p′µ −
qµ
2x˜
)(
pν − q
′
ν
2x˜′
)]
q2q′2T GΨ1
+A′′

 q
′q
4xx′
(
ηµν +
2x
q2
pµqν +
2x′
q′2 q
′
µp
′
ν +
4xx′
q2q′2 q · q′pµp′ν
)
+ q
′q
4x˜x˜′
(
ηµν − 2x˜q2 p′µqν − 2x˜
′
q′2 q
′
µpν +
4x˜x˜′
q2q′2 q · q′p′µpν
)

 q2q′2T GΨ2 , (164)
with
T GΨ1 =
∫
dzz3K0 (qz)K0 (q
′z)
∫
dz′z′3
(
J2τ−2 (Mz
′) + J2τ−1 (Mz
′)
)
×
∫
C
dj
2i
1 + e−iπj
sin πj
(α′s)j−2+α
′tz′2
√
j − j0
(
z2
z′2
)1−γ
, (165)
T GΨ2 =
∫
dzz3K1 (qz)K1 (q
′z)
∫
dz′z′3
(
J2τ−2 (Mz
′) + J2τ−1 (Mz
′)
)
×
∫
C
dj
2i
1 + e−iπj
sin πj
(α′s)j−2+α
′tz′2
√
j − j0
(
z2
z′2
)1−γ
. (166)
The evaluation of the above Compton scattering amplitude is quite complicated. Neverthe-
less, we can approximately find the corresponding DVCS cross section for both dilaton and
dilatino targets at the t = 0 limit is
dσUnG
dt
∝ 1
s2
(
s
2− 2√
λ
)2(M2
Q2
)2
, (167)
where the factor 1
s2
comes from the phase space integral and s
2− 2√
λ arises due to the graviton
exchange together with its curvature correction. The energy enhancement in Eq. (167) indi-
cates that the t-channel graviton exchange should dominate the total scattering amplitude
in the high-energy limit.
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V. CONCLUSION
In this paper, we calculate the supergravity graphs corresponding to Compton scatterings
for both dilaton and dilatino targets in the CFT. For a dilaton target, we have calculated the
s-channel, u-channel graphs where all the Kaluza-Klein excitations of intermediate states are
summed over, and the four-point contact term. We sum all these three graphs and compute
the usual real Compton scattering amplitude and DVCS cross section. For a dilatino target,
we compute the contributions from the s-channel and u-channel graphs explicitly. We
find that the real Compton scattering amplitude, up to an overall constant, is identical to
the amplitude found in scalar QED. The DVCS cross section is also discussed afterwards
and compared to the low-energy H1 and ZEUS data. The curve is consistent with the
experimental data. The end of this paper is devoted to discussing the t-channel graviton
exchange contribution, which is dominant contribution in the high-energy limit. We have
provided a heuristic derivation for the computation of the t-channel graviton exchange.
It will be interesting to continue this study and extract the generalized parton distribu-
tions as well as the information about the total spin of constituents in a hadron. This would
help us to understand the role of the orbital angular momentum and the spin sum rule at
strongly coupled regime.
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